Abstract Retinoblastoma protein (pRb) phosphorylation plays a central role in mediating cell cycle G1/S stage transition, together with E2F transcription factors. The binding of pRb to E2F is thought to be controlled by the sequential and cumulative phosphorylation of pRb at various amino acids. In addition to well characterized roles as a tumor suppressor, pRb has more recently been implicated in osteoprogenitor and other types of stem cell maintenance, proliferation and differentiation, thereby influencing the morphogenesis of developing organs. In this study, we present data characterizing the expression of pRb and three phosphorylated pRb (ppRb) isoforms-ppRbS780, ppRbS 795, ppRbS807/811-in developmentally staged mouse molar and incisor teeth. Our results reveal distinct developmental expression patterns for individual ppRb isoforms in dental epithelial and dental mesenchymal cell differentiation, suggesting discrete functions in tooth development.
Introduction
Retinoblastoma protein (Rb, pRb, pRb1, pRB) , a tumor suppressor, plays a crucial role in many types of tumors (Lee et al. 1988) . It is widely accepted that loss of pRb results in cancer-for example, loss of pRb in the developing human retina results in retinoblastoma tumor formation (Dunn et al. 1988) . Accumulating evidence suggests that the cell cycle withdrawal function of pRb is essential for tumor suppression, and that mutations in pRb can result in uncontrolled cell proliferation (Weinberg 1995) . Cell cycle progression is regulated by the differential phosphorylation and eventual inactivation of pRb, as it moves from un-phosphorylated, to hypo-phosphorylated, and finally to hyper-phosphorylated status during the cell cycle, regulating the ability for pRb to bind to E2F and other transcription factors (Mittnacht 1998) . Active pRb isoforms include newly synthesized unphosphorylated and hypo-phosphorylated pRb, both active in early G1 phase cells, which bind to E2Fs and repress their transcriptional activation. Cyclin-dependent kinase (CDK) complexes subsequently hyper-phosphorylate and inactivate pRb, thereby freeing E2F to direct cells into S phase (DeCaprio et al. 1989; Ezhevsky et al. 2001) . To date, 16 potential pRb phosphorylation sites have been identified, spanning the entire pRb amino acid sequence. Recent data suggests that site specific pRb phosphorylation may regulate specific pRb-protein interactions. For example, pRb binding to E2F is thought to be mediated either by cumulative phosphorylation (Brown et al. 1999) , or via discrete C-terminal or pRb insert domain phosphorylation (Knudsen and Wang 1997) , and site specific pRb phosphorylation may play distinct roles in development and disease (Thakur et al. 2008) .
In this study, we have used antibodies specific for three pRb phospho-isoforms (ppRbS780, ppRbS795, and ppRbS807/811) to systematically evaluate pRb phosphorylation status in developing mouse teeth. We found discrete expression patterns for each ppRb isoform, suggesting unique roles for each in dental epithelial and dental mesenchymal cell differentiation.
Materials and methods
Animal husbandry and dental tissue harvesting and preparation
Wild type mouse teeth were analyzed at each of four developmental stages-embryonic 12.5 days (E12.5), E14.5, E16.5 and Postnatal day 1 (P1). Samples were fixed in 10 % neutral-buffered formalin overnight, embedded in paraffin, and serial sectioned. Haematoxylin and Eosin (H&E) staining was used to identify tooth containing regions, which were then used for immunohistochemical (IHC) analyses. First molars from all four developmental stages, and P1 incisors were analyzed.
Immunohistochemical (IHC) analyses
Selected tooth containing sections were analyzed by IHC using the following anti-human pRb antibodies: pan Rb (#ab62695, Abcam, Cambridge MA); polyclonal phospho Rb Serine 780 (ppRbS780, #9307, Cell Signaling Technology, Danvers, MA, USA); polyclonal phospho Rb Serine 795 (ppRbS795, #9301, Cell Signaling Technology); and polyclonal phospho Rb Serine 807/811 (ppRbS807/811, #9308, Cell Signaling Technology) according to the manufacturer's suggested protocol (Cell Signaling Technology). Hair follicles on the same slides were used as positive controls. Vectastain ABC staining kit (Vector Laboratories, Burlingame, CA, USA) was used as detection method, along with DAB substrate and Fast Green counterstain. Immuno-stained samples were analyzed and imaged using a Zeiss Axiophot Imager Microscope and Digital camera (Zeiss, Frankfurt, Germany). 
Immunofluorescent histochemical analyses

Results
Expression of pan Rb and phosphorylated pRb (ppRb) isoforms in developmentally staged mouse molars H&E staining was used to identify regions containing E12.5 bud stage, E14.5 cap stage, E16.5 bell stage, and P1 newborn mouse teeth of proper sagittal orientation. We then performed immunohistochemical staining using available pan Rb, ppRbS780, ppRbS795 and ppRbS807/ 811 antibodies (Fig. 1) . In our hands, the pan pRb antibody (b) pRb expression in hair follicles. Individual ppRb isoforms and panRb antibodies exhibited discrete expression in hair follicle structures, as labeled, and as compared to the schematic. Bu bulge, dp dermal papilla, Sg sebaceous gland, ma hair follicle matrix exhibited much weaker staining as compared to that of the three phospho-pRb antibodies. Positive staining of hair follicles at E16.5 and P1 staged mice confirmed crossreactivity of the antibodies to mouse pRb and ppRb isoforms ( Fig. 1) .
At E12.5, tooth buds are identifiable as a thickening of the dental epithelium ( Fig. 2a-e , black arrows). Although no distinct tooth specific pan pRb, ppRb795, or ppRb807/ 811 expression was observed at this stage ( Fig. 2b-d) , ppRb780 was detected in the nuclei of scattered oral and dental epithelial (de) (Fig. 2a, arrows) . At E14.5, pan Rb antibody exhibited only very faint staining, while in contrast, all three ppRb isoforms were detected. ppRb780 was expressed throughout the oral epithelium, and in both the inner dental epithelium (ide) and outer dental epithelium (ode) of E14.5 stage teeth (Fig. 2f , arrows), and distinct nuclear ppRbS780 expression was also detected in scattered cells. ppRb795 exhibited fairly uniform expression in the ide and ode, and was also weakly detectable in the dental mesenchyme (dm) (Fig. 2g ). ppRb807/811 was detected throughout the de, weakly in the dm, and also in scattered nuclei ( Fig. 2h ). At E16.5, pan-Rb exhibited strong expression in both ameloblasts and odontoblasts (Fig. 2n) . ppRbS780 exhibited similar expression in differentiated ameloblasts (am), odontoblasts (od), and the dental follical (df) of M1 molar teeth, but also exhibited strong nuclear staining in scattered de and dm cells in both M1 and M2 molar teeth (Fig. 2k ). ppRb795 was detected in both undifferentiated and differentiated de and dm tissues M1 and M2 molar teeth (Fig. 2l) . In contrast, ppRb807/811 exhibited an interesting and discrete expression pattern that was restricted to differentiated odontoblasts (od), and undifferentiated dental epithelium (de) (Fig. 2m) . ppRb807/ 811 was not detected in undifferentiated odontoblasts or differentiated ameloblasts at E16.5. In newborn mice (P1) (Fig. 3) , ppRbS780 was detected in undifferentiated de and dm of M2 molars (Fig. 3a, b) , and in differentiated de derived ameloblasts and dm derived odontoblasts of M1 molar teeth (Fig. 3c, d, arrows) . Punctate ppRb780 expression was also observed in scattered differentiated and undifferentiated de and dm cells. ppRbS795 was detected fairly ubiquitously in all dental epithelial and mesenchymal cells, but appeared localized to both cytoplasm and nuclei of differentiated ameloblasts, and restricted to the nuclei of differentiated odontoblasts (Fig. 3e-h, arrows) . In P1 molar teeth, ppRbS807/811 retained the observed discrete expression in the nuclei of undifferentiated dental epithelium, and in both the cytoplasm and nuclei of differentiated dental mesenchymal cell-derived odontoblasts ( Fig. 3i-l , arrows). ppRbS807/811 was not detected in differentiated dental epithelial-derived ameloblasts, or in undifferentiated dental mesenchymal cells. Pan Rb was detected in both the nuclei and cytoplasm of undifferentiated and differentiated dental epithelium and dental mesenchyme of P1 molar teeth (Fig. 3m-p) . The no primary antibody controls were negative ( Fig. 3q-t) . Fig. 2 pRb and ppRb isoform expression in E12.5, E14.5 and E16.5 mouse tooth development. Paraffin embedded sagittal sections of E12.5 (a-e), E14.5 (f-j) and E16.5 (k-o) molar teeth. Negative controls (e, j, o). am ameloblast, de dental epithelium, dm dental mesenchyme, df dental follicle, ide inner dental epithelium, od odontoblast, ode outer dental epithelium, oe odontal epithelium. Scale bars indicate 100 lm J Mol Hist (2012) 43:281-288 283 Expression of pRb and phosphorylated pRb isoforms in mouse incisors
We next characterized pRb and ppRb isoform expression in P1 mouse incisors, taking advantage of the fact that the continuously erupting incisor model allows for simultaneous analysis of undifferentiated, differentiating, and fully differentiated dental tissues (Fig. 4) . ppRbS780 exhibited strong nuclear expression in scattered dental epithelial and dental mesenchymal cells, including both the terminally differentiated lingual cervical loop (LiCL) and the continuously erupting labial cervical loop (LaCL), (Fig. 4a-d) . ppRbS795 was expressed evenly in both the cytoplasm and nuclei of progenitor and differentiating dental epithelial and dental mesenchymal tissues, and in the nuclei of centrally located dm cells (Fig. 3h-k) . In contrast, discrete and strong ppRbS807/811 expression was detected in the nuclei of undifferentiated dental epithelial progenitor cells located close to the cervical loop, and was not detected in differentiated dental epithelial cell-derived ameloblasts ( Fig. 4o-q) . In dental mesenchymal cells, both nuclear and cytoplasmic ppRbS807/811 was detected in differentiated dental mesenchymal cell derived odontoblasts, and not in undifferentiated dental mesenchymal cells (Fig. 4o-r) . Finally, panRb detected strong nuclear expression in both de and dm cells and tissues (Fig. 4v-x) .
To correlate ppRb expression with cell cycle progression, we performed double IF staining for individual ppRb Boxed areas (1, 2, 3) in a, e, i, m, q are shown in adjacent panels. am ameloblast, de dental epithelium, dm dental mesenchyme, ide inner dental epithelium, od odontoblast, ode outer dental epithelium. Scale bars indicate 100 lm Fig. 4 pRb and ppRb isoform expression in newborn (P1) mouse incisor teeth. Paraffin embedded sagittaly sectioned mouse incisor teeth exhibit discrete ppRb isoform and pan pRb expression, as labeled (a, h, o, v) . Bright field images of boxed areas (1, 2, 3) are shown enlarged in top panels to the right. Double IF images of phospho-Histone H3 (green) and individual ppRb isoform (red) expression are shown in bottom right hand panels. IF images of ppRbS807/811, phospho-Histone H3, DAPI, and merged views (y). am ameloblast, de dental epithelium, dm dental mesenchyme, LaCL labial cervical loop, LiCL lingual cervical loop, od odontoblast. Scale bars indicate 100 lm (a-c) or 10 lm (d). (Color figure online) isoforms and the S phase cell cycle marker phospho-histone H3. Histone H3 appeared to be co-expressed with all three ppRb isoforms in scattered dental mesenchymal and dental epithelial cells, but not all ppRb positive cells expressed Histone H3 (Fig. 4 , e-g, l-n, s-u). Enlarged images (Fig. 4y, arrows) show examples of co-localized ppRbS807/811 and phospho-Histone H3 expression.
Discussion pRb, one of the first identified tumor suppressor genes, participates in a variety of cellular functions including cell division, differentiation, senescence and apoptosis (Poznic 2009 ). Recently, elucidation of molecular signals regulating pRb phosphorylation, and corresponding cell proliferation and differentiation, has become an important area of study (Brugarolas et al. 1999 ). To our knowledge, no report of ppRb isoform expression in tooth development has been published to date. One report characterized aberrant pRb and ppRb expression in ameloblastoma, a benign tumor originating from odontogenic epithelium (Pande et al. 1998) , and another study reported that pRb expression was correlated with neoplastic odontogenic epithelial cell proliferation (Kumamoto and Ooya 2006) . Our recently published results demonstrated that Rb1 mRNA is expressed throughout mouse tooth development in both dental epithelial and dental mesenchymal cells, and appeared upregulated during ameloblast and odontoblast differentiation, suggesting roles in both de and dm cell differentiation (Andreeva et al. 2012 ).
Here we show that three ppRb isoforms-ppRbS780, ppRbS795, and ppRbS807/811-were detected in both dental epithelial and dental mesenchymal cells and derived tissues (Schematic, Fig. 5 ). The three ppRb isoforms were co-expressed with Histone H3 in scattered cells, suggesting roles in progression to the cell division stage of the cell cycle. Importantly, all three ppRb isoforms were also detected in non-dividing, phospho-Histone H3 negative cells. Interestingly, ppRbS807/811 was detected only in immature dental epithelial cells and not in differentiated ameloblasts, and in differentiated dental mesenchymal cell derived odontoblasts, and not in immature progenitor dental mesenchymal cells. This distinct ''switch'' in ppRbS807/811 expression, schematized in Fig. 5 , suggests possible roles for ppRbS807/811 in mediating dental epithelial/mesenchymal cell cross-talk required for odontoblast and ameloblast differentiation.
pRb, together with p107 and p130, regulate the cell cycle via phosphorylation by Cdks (Cobrinik 2005) . One study showed that pRB null mice died in utero by E14.5, and exhibited defects restricted to cells of the central nervous system and developing erythropoietic cells (Clarke et al. 1992 ). p107/p130 double null mice showed impaired terminal differentiation of interfollicular epidermal keratinocytes, and delayed and abnormal hair and tooth development, including odontoblast hypoplasia (Ruiz et al. 2003) . In this study, pRb function in the epidermis revealed roles in guiding morphogenetic events leading to the formation of specialized ectodermal organs. Roles for pRb family members in tissue morphogenesis, and tooth development in particular, are also supported by the finding that they can form functional complexes with transcription factors containing paired-like homeodomains (Wiggan et al. 1998) , one of which, Alx-4, is expressed only at sites of epithelial-mesenchymal cell interactions, including the developing tooth bud (Hudson et al. 1998) .
Cdks are serine/threonine kinases that are activated through binding with a regulatory subunit, cyclin (Endicott et al. 1999) . Although the functions of pRb in tooth development remain to be determined, cell cycle regulators such as cyclins and CDK inhibitors have been identified in tooth germs, suggesting that odontogenic cell fates can be influenced by the cell cycle (Kumamoto et al. 2001 ). To date, at least four Cdks-Cdk1, Cdk2, Cdk4, and Cdk6-have been shown to participate in cell cycle regulation in mammalian cells. Cdk4 and Cdk6 are expressed in a variety of tissues and cell culture lines, and have distinct physiological roles in vivo, although they appear to be biochemically indistinguishable (Meyerson and Harlow 1994; Kitagawa et al. 1996) . A recent report showed that Cdk4 and Cdk6 can phosphorylate pRb with distinct amino acid residue specificities in vitro (Takaki et al. 2005 ). Our Colorized drawings of individual ppRb isoform expression in newborn mouse M1 molar (a) and incisor (b) teeth. ppRbS780 expression is indicated in red, ppRbS795 expression is shown in yellow, and ppRbS807/811 expression is indicated in blue. Overlapping expression of ppRbS780 and ppRbS795 is indicated in orange (b, ameloblast, am) . am ameloblast, bm basement membrane, DE dental epithelium, dp dental papilla, ds dental sac, Lab. CL labial cervical loop, Lin. CL lingual cervical loop, od odontoblast, oee outer enamel epithelium, pa pre-ameloblasts, si stellate intermedium, sr stellate reticulum. (Color figure online) demonstration of distinct ppRb isoform expression in developing teeth suggests that Cdk4 and Cdk6 may also be similarly differentially expressed. pRb phosphorylation status is thought to be regulated by phosphate stoichiometry, and site specific combinations of pRb phosphorylation sites. A better understanding of functional roles for individual pRb isoforms can only be achieved by evaluating pRb phosphorylation status at each site. The effect of pRb phosphorylation on cell cycle progression was examined in vitro, where Western blot analysis showed that ppRbS780, ppRbS795, and ppRbS807/ 811 phosphorylation was associated with the G0/S phase transition (Boylan et al. 1999) . Previous reports suggested that hypo-phosphorylated pRb is tightly bound to the nucleus, while hyper-phosphorylated pRb is loosely bound to nucleus (Mittnacht and Weinberg 1991) . The fact that hypo-phosphorylated pRb exhibits nuclear localization, while ppRb isoforms can exhibit either cytoplasmic, or nuclear, or both cytoplasmic and nuclear localization, suggests that site specific Rb phosphorylation may mediate ppRb function (Mittnacht et al. 1994) . In support of this hypothesis, ppRb phosphorylation status was found to correlate with nuclear versus cytoplasmic localization in encephalitic midfrontal cortex neurons (Jordan-Sciutto et al. 2000) . Similarly, our results show distinct expression patterns for ppRb795, ppRbS780 and ppRbS807/811 suggesting important roles for specific pRb phospho-isoforms in dental cell proliferation and differentiation. Evidence for ppRb and E2F regulation of cell-cell contacts and adherens junction formation during telencephalon development was demonstrated in pRb null mice exhibiting ectopic proliferation of neural precursor cells, and cell autonomous neuronal cell migration defects (Ferguson et al. 2005) .
The rodent incisor contains two cervical loops-the large labial cervical loop, which is non-terminally differentiated, and contains resident dental stem cells (Harada et al. 1999) , while the smaller lingual cervical loop is terminally differentiated, and lacks dental stem cells. The labial cervical loop serves as a niche for dental epithelial stem cells whose progeny proliferate to form a pool of transit amplifying cells, which subsequently differentiate into ameloblasts or root epithelium. The discrete expression of ppRb isoforms in the labial cervical loop suggests distinct roles in dental epithelial and dental mesenchymal stem cell maintenance and differentiation. Most dramatically, the fact that ppRbS807/811 expression is restricted to undifferentiated dental epithelial cells, and to differentiated dental mesenchymal cells, suggests important roles for the ppRb807/811 isoform in mediating dental epithelial/dental mesenchymal cell interactions leading to proper tooth morphogenesis and development. A recent report found that eliminating pRb expression in osteoblasts had profound consequences on osteoblast cell adhesion, including altered cadherin expression and disruption of adherens junctions, resulting in bone structure abnormalities (Gutierrez et al. 2008; SosaGarcia et al. 2010) . These data provide direct evidence that pRb depletion can profoundly affect the capacity of cells to interact with one another, and are consistent with possible roles for pRb as a regulator of adherens junction formation and cell adhesion in tooth development.
In summary, here we demonstrate, for the first time, discrete expression of pRb and three ppRb isoforms, S785, S790, and S807/811 in mouse molar and incisor tooth development (Fig. 5, schematic) . Importantly, ppRb isoforms were detected in both dental epithelial and dental mesenchymal cells and tissues, and ppRbS807/811 exhibited discrete expression in undifferentiated dental epithelial cells, and differentiated dental mesenchymal cells. Our results suggest roles for individual ppRb phospho-isoforms in regulating proper cell-cell interactions required for dental cell differentiation. One possible mechanism regulating pRb phosphorylation could be that multiprotein complexes may limit access of Cdks to pRb (Zarkowska and Mittnacht, JBC 1997) . In addition, the combinatorial phosphorylation status of pRb likely regulates binding to specific pRb partners, thereby modulating pRb's influence on cell cycle control and differentiation (Knudsen and Wang, JBC 1996; Mittnacht, Curr Opinion Gen Dev 1998) . Future studies will focus on elucidating individual ppRb isoform function in dental epithelial and dental mesenchymal stem cell maintenance and differentiation in tooth development.
